The authors have designed and synthesized new chiral salen-type metal (M = Fe, Co, Ni, Cu, Zn) complexes (1-5) for new conceptual dyes (co-sensitizer or colorful multi-dyes) of DSSCs (dye-sensitized solar cells). The authors measured substituent effects on their absorption spectra and redox properties, and compared them with TD-DFT (time-dependent density functional theory) calculations. Electron withdrawing groups resulted in red-shift of ultraviolet-visible (UV-Vis) spectra. For the first time, the authors also proposed and confirmed the importance of substituent effects on their electric transition dipole moments, calculated by TD-DFT for designing dyes. Chemisorption for TiO 2 of the complex by carboxyl groups was confirmed by XPS measurement. In view of electronic properties, all compounds have the possibility to be dyes of DSSCs.
Introduction


Along with the growing awareness of fossil fuel depletion, sustainable energy, especially solar energy, has received attention in various research fields [1] [2] [3] [4] [5] [6] [7] [8] . DSSCs (Dye-sensitized solar cells) have been improved by Grätzel [9] since 1991, and they have gradually been regarded as prospective energy sources due to their high design ability and low manufacturing cost compared with conventional silicon-based solar cells and thin-film photovoltaic technologies. Dyes of DSSC are mainly Ru complexes, and the efficiency of DSSC has been recorded as 11.4% (theoretically 30%) [10] . However, since the amount of Ru is sometimes limited and the problem of obtaining a stable supply Corresponding author: Takashiro Akitsu, Prof. Dr., main research field: inorganic coordination chemistry.
can exist, alternatives have been sought for years [11, 12] . High efficiency DSSC strongly demands dye to have absorbing wide light. For example, a typical N719 ([RuL 2 (NCS) 2 ]:2TBA; L = 2,2' -bipyridyl-4,4'-dicarboxylic acid, TBA = tetra-n-butyl ammonium) dye is capable of photoelectric conversion until 900 nm [13] . N719 contains carboxyl groups and NCS -ligands to adsorb on the TiO 2 surface via interaction with the Ti2p and O1s orbitals, and interactions of their S atoms, respectively [14] . However, NCS -ligands are labile and susceptible to degrade through dissociation. Therefore, the authors do not use NCS -to improve dye stability or control the adsorption structure, but use only carboxyl groups. Anti-bonding orbitals are formed by overlapping of O2p, C2p orbitals of carboxyl groups, and Ti3d orbitals when dyes are adsorbed on TiO 2 . Absorption of the complex is then extended by changes of electronic states [15] . Analyzing the adsorption structure is critical to improving efficiency. However, details of the structure have not yet been elucidated [16, 17] . While the authors search valid ligands for DSSCs, the authors focus on salen-type metal complexes due to their following characteristics:
(1) Their synthesis and chemical modification are easier than what is required for existing dyes.
(2) They have higher stability than existing dyes due to the presence of chelating ligands.
Therefore, salen metal complexes have potential for use as new conceptual dyes (co-sensitizer or colorful multi-dyes) in DSSCs.
Increasing the PCE of Schiff base Zn(II) complexes by varying the substituents has been reported [18] . In addition, the UV-Vis spectra of salen Al(III), Ni(II), and Cu(II) complexes were found to be red-shifted following the incorporation of electron-withdrawing substituents [19, 20] . The chiral salen-type complexes showed a peak shift by the substituent effect of aldehyde moiety [21] . It is therefore expected that substituent effects in salen metal complexes should be useful for controlling absorption, as well as E 0 values.
In this study, the authors systematically compare characteristics of the complexes with different central metals (M = Fe(II), Co(II), Ni(II), Cu(II), and Zn(II)). The authors examined the adsorption state of the complex to the TiO 2 by XPS measurement. Detailed investigations of the performances of their DSSC devices were achieved in comparison with those of DSSC of N3. To examine the correlation between absorption wavelength and photoelectric conversion wavelength, we performed IPCE (incident photon-to-current efficiency) measurement.
Experimental
Materials and Methods
Potassium hydroxide, 3,5-dichlorosalicylaldehyde were purchased from Wako (Japan Powder X-ray diffraction patterns of complexes were collected at 298 K with a Rigaku Smart Lab at the University of Tokyo.
Synthesis
The detailed synthesis methods are written for the supporting information. Most complexes had K as
Results and Discussion
Synthesis
The ligand was synthesized by condensation of To adsorb these complexes onto semiconductor surfaces, it was functionalized with COOH anchoring groups to create complex M-(1-5) using the synthetic procedure described in the Methods. These complexes are presented in Fig. 1 . The COOH groups of M-(1-5) were attached as 4,4'-((1S,2S)-1,2-diaminoethane-1,2-diyl) dibenzoic acid.
Rietveld Structural Analysis
Structural analysis for Cu-1, Cu-3, and Zn-2 by the Rietveld method [25] was carried out using PDXL2 ver. 2.2.1.0 (Rigaku Corporation).
Structure Description of Cu-1, Cu-3, and Zn-2
The complex Cu-1 crystalizes in monoclinic, space group P2 1 with Z = 2. As shown in Fig. 2 
82.97 (2) asymmetric unit of Cu-3 contains a crystal lographically independent molecule of four coordinated mononuclear Cu(II) complexes. Cu(II) complex affords a four-coordinated planar [CuN 2 O 2 ] geometry, with the four donor atoms of the tetradentete Schiff base forming the equatorial plane and the axial sites with Cu1-O1, Cu1-O3, Cu1-N1, and Cu1-N2 distances ranging from about 1.91 to 1.98 Å ( Table 2) . The chiral 4,4'-((1S,2S)-1,2-diammonioethane-1,2-diyl) dibenzoate moiety adopts a λ configuration with torsion angle C5-C4-C11-C12 = 155.9 (2)°.
The complex Cu-3 crystalizes in monoclinic, space group P2 1 with Z = 2. As shown in Fig. 3 , the asymmetric unit of Cu-3 contains a crystal lographically independent molecule of four coordinated mononuclear Cu(II) complexes. Cu(II) complex affords a four-coordinated square planar [CuN 2 O 2 ] geometry, with the four donor atoms of the tetradentete Schiff base forming the equatorial plane and the axial sites with Cu1-O1, Cu1-O2, Cu1-N1, and Cu1-N2 distances ranging from about 1.91 to 1.98 Å ( Table  3) . The chiral 4,4'-((1S,2S)-1,2-diammonioethane-1,2-diyl) dibenzoate moiety adopts a λ configuration with torsion angle C3-C2-C23-C24 = 64.1 (2)°.
The Zn-2 complex crystalizes in monoclinic, space group P2 1 with Z = 2 ( Table 4) . As shown in Fig. 4 , the asymmetric unit of Zn-2 contains a crystal lographically independent molecule of four coordinated mononuclear Zn(II) complexes. Zn(II) complex affords a four-coordinated planar [ZnN 2 O 2 ] geometry, with the four donor atoms of the tetradentete Schiff base forming the distorted tetrahedron and the axial sites with Zn1-O1, Zn1-O2, Zn1-N1, and Zn1-N2 distances ranging from about 1.92 to 1.98 Å ( Table 4) . The chiral 4,4'-((1S,2S)-1,2-diammonioethane-1,2-diyl) dibenzoate moiety adopts a λ configuration with torsion angle C3-C2-C23-C24 = 51.4 (2)°. Table 3 Sele 
ing scheme. 
Co(II), Ni(II), C es
Cu(II), Zn(II))
.478 (16) 2.981 (2) .628 (15) .619 (16) 2.9786 (17) .884 (16) 
CD and UV-vis Spectra
The UV-vis absorption spectra of series dyes are depicted in Fig. 5 and Figs. S1, S2, S3, S4, S5. By comparing the electronic spectra of these complexes, the effect of the substituent and metal has been equations [26] . In the complexes of the same ligand, absorption intensity and wavelength differed by metal (Fig. 5 ). Absorption intensities of π−π* transition are in the order of Ni > Fe > Co > Cu. CT bands are in the order of Fe > Zn > Ni > Co > Cu. In particular, complexes of Fe and Ni have large absorption intensity and wide absorption range in these complexes.
Redox Potential
The electrochemical properties of Fe, Co, Ni, and Cu complexes were determined using CV (cyclic voltammetry), and are presented in Table 6 and Fig. 6 . It can be seen that the energy level for the CB (conduction band) of TiO 2 was located between that of the LUMOs (lowest unoccupied molecular orbital) and HOMOs (highest occupied molecular orbital) of the complexes. Energy levels of LUMOs of the all complexes with higher than the CB minimum of TiO 2 (-0.500 V), while energy levels of HOMOs of the all complexes were lower than the I 
Fluorescence Spectra of Zn Complexes.
As Zn(II) complexes have 3d 10 electron, UV-Vis and CV are mentioned independently from complexes having other metals in this paper. Fig. 7 depicts the florescence spectra of Zn-(1-5), whose excitation wavelengths λ ex = 380 nm are determined according to the wavelengths of the intense peaks of the UV-Vis absorption spectra mentioned above. For excitation at λ ex = 380 nm, emission peaks appeared at λ em = 465, 470, 472, 469 and 475 nm for Zn-(1-5), respectively. The fluorescence wavelength shifted long in the order of Zn-5 > Zn-3 > Zn-2 > Zn-4 > Zn-1.
Computational Results
To rationalize the importance of the molecular In the complexes, the predominant absorption bands were assigned as transitions from the HOMO to the LUMO, which is distributed on the amine moieties. Based on these results, it is reasonable to conclude that the spectral shifts were due to the substitution of the X-and Y-groups. The electron transfers in all of the complexes occurred from metal and benzene derived from aldehyde, to benzenes derived from diamine and carboxyl group. In addition, after electron transfer, the electron density was distributed on the carboxyl groups through a six-membered ring. For example, according to the molecular orbitals for the ground state (HOMO) and excited state (LUMO+3) of Ni-1 (Fig. 8b) , these electron transfers are MLCT. Therefore, it can be concluded that the electrons were transferred from the Ni(II) salen complexes to TiO 2 . This tendency is also present with other complexes. Figs. S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16, S17, S18, S19, S20, S21, S22, S23, S24, S25
show simulated CD and UV-Vis spectra of Fe, Co, and Cu complexes. Table 6 summarizes the energy levels, redox potentials, and calculated HOMO-LUMO gaps for MLCT of compounds Fe, Co, Ni, and Cu- (1) (2) (3) (4) (5) . In addition, the correlation between the π-π*, MLCT band is shown in Fig. 8c . The relationships between the wavelength of the π-π*, MLCT band correlated well for both the measured and calculated values obtained via TD-DFT. In particular, the HOMO-LUMO gap decreased as the wavelength became longer. In addition, the central metal had a noticeable effect on the differences in the values obtained for the HOMO-LUMO gaps via TD-DFT calculations and experimentally. They show the HOMO-LUMO gap (Fe > Co > Ni > Cu). The calculated values exhibit a trend due to substituent effects with electron withdrawing groups causing a decrease of the HOMO-LUMO gap.
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145 Table 7 shows calculation of the HOMO-LUMO gap (ΔE g ), absorption wavelength (λ), oscillator strength (f), and transition assignment from the ground state to the excited state. In almost all of the metal complexes, the absorption wavelength shifted to become longer. These calculation results exhibit a similar tendency to the experimental results. Table 8 presents the electric transition dipole moment of Fe, Co, Ni, Cu, and Zn-(1-5) obtained via TD-DFT. The calculated values show a trend due to substituent effects with electron withdrawing groups causing an increase of value of their dipole moment to carboxyl groups. In fact, more electrons of Ni-3 transfer to carboxyl groups than that of Ni-1 (Fig. 8b) . This tendency is also present with other complexes. From this result, substituent effects with electron withdrawing groups may cause increases of the transfer of electrons to TiO 2 and of Jsc of DSSC.
XPS Measurement
The authors measured some Cu(II) and Zn(II) complexes adsorbed on titanium oxide by XPS measurement and analyzed the adsorption state of complexes. Samples were prepared on ITO substrates. peak shift for TiO 2 (Fig. 11) . The authors then measured (Cu-(1-5) + TiO 2 ) and compared the substituent effects. It was found that chemisorption of all complexes was confirmed by peak shift. Since high-energy shifts more in the electron with drawing group, the authors compared the dipole moment of the complexes (TD-DFT calculation) and Ti 2p 3/2 , as shown in Table 9 . A tendency was observed towards a more high-energy shift from the larger dipole moment of complexes. Change of the dipole moment due to the chemical adsorption affects the electronic state of the TiO 2 [27] .
Next, in order to investigate the differences in adsorption structure according to the difference of amine moiety, the authors measured Zn-1 + TiO 2 , Zn-6 + TiO 2 (Fig. 12) , and TiO 2 at Ti 2p (Fig. 13) . As a result, the one with the complex adsorbed shifted to the higher energy side than TiO 2 (Table 10 ). In addition, Zn-1 was shifted to a higher energy side than Zn-6. The authors thought that this was the result of 
